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VIWTSRHW XS XLI MQTSVXERX 7  4 XVERWMXMSR MR QIVGYV] VIPIZERX JSV GSSPMRK ERH XVETTMRK
SJ RIYXVEP QIVGYV] EXSQW ? A -R SYV KVSYT [I YWI PEWIV PMKLX EX RQ EW SRI SJ XLI
JYRHEQIRXEP [EZIPIRKXLW JSV JSYV[EZI WYQ JVIUYIRG] QM\MRK MR QIVGYV] ZETSV XS KIRIVEXI
GSRXMRYSYW [EZI ZEGYYQ9: VEHMEXMSR EVSYRH  RQ JSV JYXYVI PEWIV GSSPMRK SJ XVETTIH ERXM
L]HVSKIR ?A EW [IPP EW 6]HFIVK I\GMXEXMSR SJ XVETTIH 'E MSRW ?A 7IZIVEP PEWIV W]WXIQW JSV
KIRIVEXMRK VEHMEXMSR EX  RQ LEZI FIIR HIWGVMFIH FEWIH SR IK WYQ JVIUYIRG] QM\MRK ?A
SV JVIUYIRG] UYEHVYTPMRK SJ WIQMGSRHYGXSV PEWIVW ?A 3YV TVIZMSYW WIXYT ?eA YWIH E JVI
UYIRG] UYEHVYTPIH =XXIVFMYQ =%+ HMWO PEWIV ?A *SV XLMW W]WXIQ ER EPXIVREXMZI MW HIZIPSTIH
[LMGL MW XYREFPI ERH HSIW RSX WYJJIV JVSQ HIKVEHEXMSR SJ PEWIV HMWOW -R XLMW TETIV [I TVIWIRX
E WXEFPI LMKL TS[IV WMRKPI JVIUYIRG] GSRXMRYSYW [EZI PEWIV WSYVGI EX RQ ERH SYXPMRI
XLI TSXIRXMEP JSV E LMKL TS[IV PEWIV WSYVGI EX  RQ ZME JVIUYIRG] UYEHVYTPMRK
Fiber lasers and ampli¿ers have proven themselves as reliabPI W]WXIQW [MXL I\GIPPIRX FIEQ
quality and high output power [13–16]. Ampli¿cation in Ytterbium doped ¿bers is generally
TSWWMFPI JVSQ RQ YT XS  RQ ?eA FYX FIPS[ RQ EQpli¿cation becomes more
GLEPPIRKMRK WMRGI XLI EFWSVTXMSR GVSWW WIGXMSR MRGVIEWIW XS[EVHW WLSVXIV [EZIPIRKXL ?A 8LMW
absorption can be reduced by cooling the ¿ber to low temperatYVIW ? A
*MKYVI  E WLS[W XLI EFWSVTXMSR PIZIP WGLIQI JSV =XXIVFMYQ 8LI WTPMXXMRK SJ XLI *! ERH
*! WXEXIW MW GEYWIH F] XLI 7XEVO IJJIOX MR XLI LSWX QEXIVMEP ?A 8LI ^IVS TLSRSR PMRI MW
QEVOIH [MXL % ERH GSVVIWTSRHW XS XLI REVVS[ TIEO EX  RQ MR XLI EFWSVTXMSR WTIGXVYQ
*MK  F (YI XS XLI LMKL EFWSVTXMSR GVSWW WIGXMSR XLMW [EZIPIRKXL MW YWIH JSV TYQTMRK %F
WSVTXMSR JVSQ XLI PS[IWX 7XEVOPIZIP SJ XLI *!WXEXI XS XLI LMKLIV WYFPIZIPW SJ XLI *!WXEXI
QEVOIH [MXL & GSVVIWTSRHW XS XLI [MHI EFWSVTXMSR VERKI EVSYRH  RQ MR *MK  F ERH GER
EPWS FI YWIH JSV TYQTMRK ?A )\GMXEXMSRW JVSQ LMKLIV WYFPIZIPW SJ XLI KVSYRH WXEXI QEVOIH
[MXL ' EVI VIWTSRWMFPI JSV XLI EFWSVTXMSR XEMP EX PSRKIV [EZIPIRKXL ERH GEYWI TVSFPIQW XLVSYKL
signal reabsorption in ¿ber ampli¿ers and lasers working bePS[ RQ 8LMW XLIVQEP TSTY
PEXMSR ERH XLYW EFWSVTXMSR MR XLI [EZIPIRKXL VERKI EFSZI 0 nm can be signi¿cantly reduced
by cooling the ¿ber to low temperatures. Fig. 1 (b) shows absoVTXMSR WTIGXVE SJ E PS[ HSTIH =X
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F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spectrum of a 10 m low doped double clad Ytterbium ¿ber (NuferR 01%=(*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028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RQ XS  RQ EX 028 MW GPIEVP] ZMWMFle, a signi¿cant reduction of
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2. Fiber ampli¿er at 1015 nm
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*MK  )\TIVMQIRXEP WIXYT E Q; PEWIV PMKLX TVSZMHIH by a ¿ber coupled MOPA
system at 1015 nm, is ampli¿ed in a cryogenic ¿ber ampli¿er up to 10 W. The doped ¿ber
is placed in liquid nitrogen and end-pumped by a ¿ber coupled diode laser. The ampli¿ed
light is ASE ¿ltered and polarization analyzed. (b) A part of the ampli¿ed light is frequency
HSYFPIH X[MGI XS  RQ *SV E QIVGYV] WTIGXVSWGST] XLI FIEQ MW WTPMX EX E FIEQWTPMXXIV
GYFI ERH SRI TEVX MW KYMHIH XLVSYKL E QQ QIVGYV] GIPP XS XLI WMKREP TLSXS HMSHI [LMPI
XLI SXLIV TEVX MW QSRMXSVIH [MXL E VIJIVIRGI TLSXS HMSHI TQ71* TSPEVM^EXMSR QEMRXEMR
ing single mode ¿ber, MMF: multi mode ¿ber, YDF: Ytterbium doped ¿ber, LN PMUYMH
RMXVSKIR  LEPJ[EZI TPEXI  UYEVXIV[EZI TPEXI 4&' TSPEVM^MRK FIEQWTPMXXIV GYFI
7,+ WIGSRH LEVQSRMG KIRIVEXMSR 0&3 PMXLMYQ XVMFSVEXI &&3 FEVMYQ FSVEXI
The setup of the ¿ber ampli¿er is shown in Fig. 2 (a). As seed laWIV [I YWI E QEWXIV SWGMPPEXSV
power ampli¿er setup (MOPA) consisting of a grating stabili^IH I\XIVREP GEZMX] HMSHI PEWIV
)'(0 [MXL ER STXMGEP SYXTYX TS[IV SJ Q; EX  RQ [LMGL Ms pre-ampli¿ed with a
tapered ampli¿er (TA) up to 1000 mW. The laser diode can be staFMPM^IH XS ER I\XIVREP GEZMX]
[LMGL IRWYVIW E PMRI[MHXL SJ EFSYX  O,^ % TSPEVM^EXMSR QEintaining single mode ¿ber
(pmSMF) guides the light to the ytterbium ¿ber ampli¿er wherI YT XS Q; WIIH TS[IV
MW EZEMPEFPI
% *EVEHE] MWSPEXSV TVSXIGXW XLI IRH JEGIX SJ XLI TQ71* JVSQ TIak powers of the ampli¿er
MR FEGO[EVH HMVIGXMSR % HMGLVSMG QMVVSV WITEVEXIW XLI YREFWSVFIH TYQT PMKLX JVSQ XLI WIIH
PMKLX [LMGL MW GSYTPIH MRXS XLI GSVI SJ E Q PSRK PEVKI QSHI EVIE ]XXIVFMYQ HSTIH HSYFPI
clad ¿ber (Nufern-LMA-YDF-25/400-M, cladding absorption  H&Q EX  RQ 8LI PEVKI
GSVI HMEQIXIV SJ  m of the ¿ber prevents stimulated Brillouin scattering. The ¿ber ampli¿er
MW GPEHHMRK TYQTIH JVSQ XLI FEGO IRH [MXL E &VEKK KVEXMRK WXEFilized ¿ber coupled diode
laser (DILAS Compact 120/400) at 976 nm. The bare doped ¿ber iW GSMPIH XS E HMEQIXIV SJ
ETTVS\MQEXIP]  GQ ERH TPEGIH MR E WQEPP HI[EV  3 l volume), ¿lled with liquid nitrogen.
*SV STXMGEP EGGIWW E PIRKXL SJ 10 cm at each end of the ¿ber is outside the dewar and hence
EX VSSQ XIQTIVEXYVI
*MK  4 ERH WTSPEVM^IH SYXTYX TS[IV ZW TYQT TS[IV 8LI SYXTYX TS[IV MW %7) ERH
pump light ¿ltered. The slope ef¿ciency is 41%. Inset (a) sho[W XLI %7) WTIGXVYQ [MXL
and without ASE ¿ltering at maximum pump power. Inset (b) sho[W XLI PSRKXMQI WXEFMPMX]
EX QE\MQYQ SYXTYX TS[IV
8LI SYXTYX TS[IV EW E JYRGXMSR SJ XLI MRGMHIRX TYQT TS[IV MW WLS[R MR *MK  8LI QE\MQYQ
SYXTYX TS[IV I\GIIHW ; 8LI SYXTYX TS[IV MW QIEWYVIH EJXIV a bandpass ¿lter to suppress
ampli¿ed spontaneous emission (ASE) and reÀected pump lighX ERH TSPEVM^EXMSR EREP]^IH ZME
E TSPEVM^MRK FIEQWTPMXXIV GYFI 8LI MRWIX E SJ *MK  WLS[W XLI %7)WTIGXVYQ FIJSVI ERH EJXIV
the ¿lter, monitored with an optical spectrum analyzer, at tLI QE\MQYQ TYQT TS[IV SJ ;
The ASE suppression of the un¿ltered signal is better than 20 dB, the bandpass ¿lter attenuates
XLI %7)WMKREP XS E WYTTVIWWMSR SJ  H& 8LI TYQT TS[IV [EW PMQMXIH XS ; XS EZSMH E
JYVXLIV MRGVIEWI SJ %7)
Due to the large core of the doped ¿ber, polarization stabiliX] ERH WMRKPI QSHI STIVEXMSR
strongly depend on temperature Àuctuations and bending of the ¿ber. For stable operation the
HI[EV MW GEVIJYPP] GSZIVIH [MXL E PMH [MXLSYX ER] QIGLERMGEP stress on the ¿ber and the ¿ber
PIRKXL EX VSSQ XIQTIVEXYVI MW VIHYGIH EW JEV EW TSWWMFPI *SPPS[MRK XLIWI TVIGEYXMSRW XLI SYX
TYX TS[IV ERH TSPEVM^EXMSR EVI WXEFPI JSV LSYVW WII MRWIX F SJ *MK  8LI JVEGXMSR SJ RSR
TSPEVM^EFPI SYXTYX TS[IV MW X]TMGEPP] FIPS[ 	 3TIVEXMSR XMQI SJ WIZIVEP LSYVW MW TSWWMFPI
without a re¿ll of liquid nitrogen and a careful re¿ll is possMFPI HYVMRK STIVEXMSR [MXLSYX E
GLERKI MR TSPEVM^EXMSR XLYW STIVEXMSR XMQI MW RSX PMQMXIH
8LI W]WXIQ [EW XIWXIH [MXL HMJJIVIRX WIIH TS[IVW HS[R XS Q; [MXLSYX ER] TVSFPIQW
8LI VIWYPXW EVI WLS[R MR *MK  *SV PS[IV WIIH TS[IVW XLIVI MW E QSHIVEXI HIGVIEWI MR XLI
slope ef¿ciency, but the maximum output for 25 mW of seed poweV MW WXMPP EFSZI ; *SV
HIGVIEWMRK WIIH TS[IV %7) WPMKLXP] MRGVIEWIW [MXL RS IZMHIRGI SJ E VSPPSZIV WS XLI WIIH TS[IV
for the ampli¿er system appears to be noncritical.
Despite the large core of the doped ¿ber, single mode operatiSR MW IEW] XS EGLMIZI 7MKREP ERH
TYQT PEYRGL EVI WXEFPI JSV QSRXLW ERH I\GITX JSV XLI TSWMXMSR of the ¿ber in the liquid nitrogen,
VIEHNYWXQIRX SJ XLMW WIXYT MW YWYEPP] RSX RIGIWWEV]
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*MK  4SPEVM^IH SYXTYX TS[IV JSV HMJJIVIRX WIIH TS[IVW EW E JYRGXMSR SJ XLI MRGMHIRX TYQT
TS[IV
 7TIGXVSWGST] SJ XLI 7 4 XVERWMXMSR MR QIVGYV]
-R SVHIV XS ZIVMJ] XLI ETTPMGEFMPMX] SJ XLI W]WXIQ XS RSRPMRIar optical experiments, the ampli¿ed
PEWIV PMKLX [EW JVIUYIRG] UYEHVYTPIH XS  RQ ERH [I TIVJSVQIH ER EFWSVTXMSR WTIGXVSWGST]
SJ XLI HIIT YPXVEZMSPIX 7 4 XVERWMXMSR MR QIVGYV]
8LI WIXYT MW HITMGXIH MR *MK  F 8S EZSMH WXMQYPEXIH &VMPPSYMR WGEXXIVMRK 7&7 SRP]
Q; SJ XLI MRJVEVIH PMKLX MW GSYTPIH MRXS E Q WXERHEVH WMRgle mode ¿ber and guided
XS XLI JVIUYIRG] UYEHVYTPMRK W]WXIQ 8LI PEXXIV GSRWMWXW SJ X[S WYFWIUYIRX MRXVE GEZMX] WIGSRH
LEVQSRMG KIRIVEXMSRW 7,+ ERH MW HIWGVMFIH MR HIXEMP MR ?]. The ¿rst SHG to 508 nm uses
E X]TI - XIQTIVEXYVI TLEWI QEXGLIH PMXLMYQ XVMFSVEXI GV]WXEP 0&3 EW RSRPMRIEV QIHMYQ MR
E FS[ XMI GEZMX] 8LI GSRZIVWMSR XS RQ MW PMOI[MWI TIVJSVQIH MR E FS[ XMI GEZMX] YWMRK
FEVMYQ FSVEXI &&3 ERH X]TI - GVMXMGEP TLEWI QEXGLMRK
*SV FEGOKVSYRH VIHYGXMSR JVSQ EQFMIRX PMKLX XLI 9: PEWIV MW QSHYPEXIH F] E GLSTTIV [LIIP
JSV PSGOMR HIXIGXMSR %FSYX Q; SJ 9: TS[IV MW TEWWMRK XLVSYgh a 2 mm quartz cell, ¿lled
[MXL QIVGYV] ZETSV EX VSSQ XIQTIVEXYVI 8LI HMWXVMFYXMSR SJ MWSXSTIW GSVVIWTSRHW XS XLIMV REXY
VEP EFYRHERGI 8LI XVERWQMWWMSR XLVSYKL XLI GIPP ERH E JVEGXMSR SJ XLI MRGMHIRX PMKLX JSV MRXIRWMX]
RSVQEPM^EXMSR EVI HIXIGXIH F] MHIRXMGEP TLSXSHMSHIW *VIUYIRG] WGERRMRK SJ XLI WIIH HMSHI PEWIV
MW TIVJSVQIH ZME XLI JIIHFEGO KVEXMRK ERKPI SJ XLI )'(0 WIXYT
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*MK  E 1IEWYVIH FPEGO WUYEVIW ERH XLISVIXMGEP VIH WSPMH PMRI EFWSVTXMSR WTIGXVYQ
SJ XLI 7  4 XVERWMXMSR MR QIVGYV] ZETSV JSV E  QQ GIPP EX VSSQ XIQTIVEXYVI F
Relative strength of the mercury isotopes and their hyper¿nI GSQTSRIRXW
8LI VIPEXMZI XVERWQMWWMSR EW E JYRGXMSR SJ XLI 9: HIXYRMRK XS XLI 7 4 VIWSRERGI MR
,K MW WLS[R MR *MK  E FPEGO WUYEVIW *MZI EFWSVTXMSR HMTW HYI XS XLI QIVGYV] MWSXSTIW
EVI GPIEVP] ZMWMFPI 8LI VIPEXMZI EFYRHERGI ERH HIXYRMRKW Sf the isotopes and their hyper¿ne
GSQTSRIRXW EVI MRHMGEXIH F] XLI VIH WXVEMKLX PMRIW MR *MK  F EFSZI ?A 8LI VIH WSPMH PMRI
beneath the data is not a ¿t, but a calculation of the transmisWMSR WTIGXVYQ -X MW FEWIH SR XLI
ORS[R XVERWQMWWMSR WXVIRKXLW ERH TSWMXMSRW EW [IPP EW XLI (STTPIV ERH TVIWWYVI FVSEHIRMRK JSV
XLI KMZIR I\TIVMQIRXEP GSRHMXMSRW -X VITVSHYGIW XLI HEXE RMGIP] GSRGIVRMRK PMRI[MHXL TSWMXMSR
ERH EFWSVTXMSR HITXL
;LMPI XLI KVETL MW E GSQFMREXMSR ERH EZIVEKI SJ WIZIVEP WGERW XLI HMSHI PEWIV MW MR TVMRGMTPI
GETEFPI SJ GSZIVMRK XLI [LSPI WTIGXVEP VERKI XS EHHVIWW EPP MWSXSTIW [MXLSYX QSHI LSTTMRK
'SQTEVIH XS XLI WGERRMRK VEXI SJ 1,^W MR XLI 9: TVIWIRXIH MR ?A XLI WTIGXVYQ MR
*MK  E [EW QIEWYVIH [MXL 1,^W
 'SRGPYWMSR
;I LEZI HIQSRWXVEXIH E VIPMEFPI LMKL TS[IV MRJVEVIH PEWIV Wource. Ampli¿cation at 1015 nm
with an Ytterbium ¿ber ampli¿er was feasible by cooling the doped ¿ber to liquid nitrogen
XIQTIVEXYVI (IWTMXI XLI PEVKI XIQTIVEXYVI KVEHMIRX EPSRK the ¿ber the ampli¿er is stable in
TSPEVM^EXMSR ERH SYXTYX TS[IV JSV PSRK XMQI TIVMSHW 8LI WIXup bene¿ts from the convenient
XYRIEFMPMX] SJ XLI QEWXIV )'(0 GSQTEVIH XS XLI JSVQIV HMWO PEWIV -R E QIVGYV] WTIGXVSWGST]
WIXYT XLI W]WXIQ LEW TVSZIR MXWIPJ EW WYMXEFPI JSV JVIUYIRG] GSRZIVWMSR XS RQ ,MKL SYX
put power of the ampli¿er can be achieved even with low seed po[IV ERH XLMW LMKL SYXTYX
power offers the possibility of ef¿cient second harmonic geRIVEXMSR IZIR MR E TIVMSHMG TSPIH
WMRKPI TEWW WIXYT 8LI TVIWIRX QE\MQYQ SYXTYX TS[IV SJ ; MW %7)PMQMXIH ERH QMKLX IZIR
be enhanced in a two stage ampli¿er setup.
 %GORS[PIHKQIRXW
8LI EYXLSVW EGORS[PIHKI JYRHMRK XLVSYKL XLI &YRHIWQMRMWXIVMYQ JmYV &MPHYRK YRH *SVWGLYRK
ERH XLI )6%2)8 ',-78)6% 6-32 GSRWSVXMYQ
